The spectral performance of freestanding resonant metal-mesh bandpass filters operating with center frequencies ranging from 585 GHz to 2.1 THz is presented. These filters are made up of a 12-pum-thick copper film with an array of cross-shaped apertures that fill a circular area with a 50-mm diameter. The filters exhibit power transmission in the range 97-100% at their respective center frequencies and stop-band rejection in excess of 18 dB. The theoretically predicted nondiffracting properties of the meshes are experimentally verified through high-resolution beam mapping. Scalability of the filter spectra with mesh dimensions is demonstrated over a wide spectral range. Several modeling methods are considered, and results from the models are shown.
Infroduction
There are a number of important applications for bandpass filters in the far-infrared (submillimeter wave) spectrum. For example, superconductorinsulator-superconductor tunnel junction mixers require bandpass filtering to avoid saturation by thermal radiation. In addition, one may reduce the noise equivalent power of a cooled bolometer by using a cooled bandpass filter to block thermal radiation over much of the bolometer's spectral range. One can use bandpass filters designed for operation at 450 angles to split signal radiation into multiple channels for simultaneous observation. This ability is of great importance in airborne or space-based environments, for which observation time can be costly. In a subharmonically pumped mixer, one can use a bandpass filter to suppress fundamental mixing by blocking signal radiation near the local oscillator frequency and passing signal radiation near the Nth harmonic of the local oscillator.
A number of interesting structures with bandpassreject characteristics have been reported in the literature, including arrays of circular' and square 2 conducting rings and pairs of concentric circular conducting rings. 3 Krug et al. 4 described arrays of annular slots and square annular slots in metal films situated on dielectric substrates. These annular arrays exhibited peak transmittances approaching 70%. We report here on freestanding resonant metal-mesh bandpass filters made up of solid copper films (typically 12-[im thick) perforated with arrays of cross-shaped apertures. Photographs of two of these devices with center frequencies at 585 GHz and 2.1 THz are shown in Fig. 1 . These filters are compact, relatively easy to fabricate, coolable to liquid-helium temperatures, and exhibit high center-band transmission, narrow bandpass, and significant stop-band rejection. Their performance is determined by periodicity G, crossmember length K, and cross-member width J [ Fig.  1(a) ]. Design of resonant meshes is highly simplified by the fact that one can shift the filter profile by linearly scaling the dimensions G, K, and J, provided that G is smaller than the wavelength.
The theory behind this type of device can be traced back to the research of Pelton and Munk, 5 Agrawal and Imbriale, 6 and Rhoads, et al 7 on arrays of crossed dipoles on dielectric substrates referred to as frequency-selective surfaces. One can apply the physics of frequency-selective surfaces to freestanding resonant meshes by choosing the refractive index n = 1 (no substrate) and by applying Babinet's theorem for transformation between complementary structures.
Reports on resonant meshes were first published by Ulrich, 8 by Compton et al.1 General reviews of far-infrared bandpass filters are given by Sakai and Genzel, 12 Timusk and Richards,1 3 and Carniglia.1 4 Filters for nonnormal incidence were fabricated by Siegel, et al.1 5 They showed that the geometrical projection with respect to the equivalent 90° mesh nearly matches the spectrum for normal incidence. In general, the bandwidth becomes smaller as the G/K and G/J ratios are increased. The bandpass center frequency is mainly dependent on cross-member length K. It has been reported that the passband transmission of these devices tends to degrade as the center frequency is increased.1 6 This degradation is believed to be caused by the increase in pattern deformity with respect to wavelength rather than a fundamental limitation. Using advanced photolithography and taking special care to maintain pattern uniformity over the entire surface, we have not observed this degradation in performance over the range of 585 GHz to 2.1 THz. Loss is due mainly to ohmic losses in the metal screen. Because individual apertures are much smaller than the wavelength of the band center, scattering and diffraction are less of a concern.
Fabrication
The fabrication process begins with the deposition of a nominal 3000-A-thick layer of copper onto a glass plate. We then clean the copper-coated plate by using ethanol, trichloroethane, and methanol followed by a 5-min dehydration bake at 120 C. A longer or hotter bake results in excessive oxidation of the copper. The plate is then given a 10-min Shipley hexamethyldisilizane vapor phase exposure. We apply a nominal 6-to 12-pm layer of photoresist by spinning Hoechst Celanese AZP4620 photoresist at 5000 rpm for 60 s. The plate is then soft baked at 120 C for 60 s and allowed to cool for 10 min. A 40-s exposure to near ultraviolet is followed by 2.5-min development consisting of four parts de-ionized water and one part AZ400K Hoechst Celanese developer. The plate is then thoroughly rinsed in de-ionized water. The result is a copper-coated plate covered with an array of 6-to 12-p1m thick crosses made of photoresist. Pattern uniformity and vertical sidewalls are essential.
The plate is then deoxidized in a 10% solution of H 2 SO 4 followed by a short alkaline cleaning. A nominal 12-pm layer of copper is then electroplated to the surface surrounding the raised photoresist crosses. The resultant copper mesh is then gently peeled from the glass plate. Application of ultrasound in an acetone bath helps promote the peeling process and also removes the photoresist from the mesh wells. Our last step is to remove the initial 3000-A copper layer with a short dip in a wet copper etch.
Results

Transmission
We performed Fourier transform spectroscopy to characterize the spectral response of the filters. The spectral data of Fig. 2 was taken on a Digilab FTS80 Fourier transform spectrometer (FTS), with the spectral resolution set to 7.5 GHz. The beam splitter used in the FTS caused significant data corruption in a small frequency band between 1.3 and 1.4 THz. Within this band, the corrupted data were replaced by a straight-line interpolation. Although the FTS chamber is evacuated, the 3 cm of atmosphere between the FTS output window and the liquidhelium-cooled bolometer causes measurement errors near strong water lines. Consequently, a peak transmission of 101% was measured for the 1.17-THz bandpass filter. We determined the accuracy of the FTS data by examining the ratio of two successive background spectra. The resulting ratio was 100% ± 1%, indicating 1% accuracy. During the FTS measurements, the mesh filters were aligned so that incident radiation was nearly normal to the plane of the mesh (nominally 2° from normal). Table 1 summarizes the physical and spectral characteristics of the mesh filters, including design dimensions G/K/J, design center frequency fD, measured peak transmission frequency fp, power transmission at the design frequency tD, and power transmission at the peak tp. The 3-and 10-dB bandwidths expressed as a percentage of the peak frequency ('V3dB/fP, AflodB/fP) are also shown in Table 1 . Dimensions G/K/J are given for the production photomasks and the resultant meshes. Microscope measurement errors for G, K, and J were estimated to be no worse than ± 1%.
As we see from the data, the FTS measurements showed extremely high center-band transmission. To confirm the FTS results independently, we performed a second test at 585 GHz by using a bolometer and a far-infrared laser. The insertion of the 585-GHz bandpass filter into the laser radiation path resulted in a nominal 2-3% reduction in the bolometer reading. This was in good agreement with the FTS result of 97% transmission for this filter. To confirm the expected polarization independence of the meshes, we propagated a 585-GHz far-infrared laser beam through the filter for various angles of rotation of the filter about its normal axis. No noticeable change in transmission was observed.
We also used the heterodyne receiver shown in Fig.  3 to verify the FTS data at 585 GHz. Blackbody radiation from a liquid-nitrogen bath at 77 K and a 290 K body were alternately directed to an input port of a Martin-Puplett diplexer' 7 by means of a goldmirrored chopper blade.
he chopped radiation was spatially overlapped with 585-GHz laser radiation by the diplexer. The spatially overlapped radiation was focused onto a Schottky diode mixer in a corner cube by an off-axis parabolic mirror. We measured the 585-GHz laser radiation to be nominally 1 mW, and we used it as a local oscillator to pump the mixer. A receiver noise temperature (Trec) of 3280 K double sideband was measured through the use of the Y-factor method.1 8 A 585-GHz bandpass mesh filter was inserted into the blackbody radiation path, and the receiver noise temperature (Trec') rose to 3415 K double sideband. Modeling the mesh filter as an attenuator with loss Lf operating at an ambient temperature To = 290 K, we see that Trec' is given by (1)
Inserting the measured values, we find that Eq. (1) yields Lf = 1.037 or a transmission of 96.4%, again in excellent agreement with the FTS measurements. Alternatively, the filter could be assumed to be a lossless element with transmission (t) and reflection (r), where t = Trec/Trec'. Inserting the measured values results in a filter transmission of 96%, which is also in good agreement with the FTS data.
Diffraction
We used a bolometer with a 2-mm aperture and a noise equivalent power of 2 x 10-13 W/Hz1/ 2 in conjunction with a computer-controlled translation stage to map slices through the Gaussian beam of a far-infrared laser operating at 585 GHz. A 1-mm step size was used in the bolometer translation, and a lock-in amplifier was utilized for improved sensitivity. The solid curve in Fig. 4 is the result of a slice taken without a filter in the beam path. A second slice was taken with the 585-GHz filter (402/261/76) in the beam path. The resulting data are plotted in Fig. 4 as individual, unconnected data points. The same normalization constant was used for both shown in Fig. 4 , the data from the two sli to at least 35 dB down, the dynamic range of the lock-in amplifier. It is apparent graph that the beam profile is essentially u the insertion of the mesh filter.
Scaling-Modeling
The initial 585-GHz filter photomask c based on theoretical considerations. We lyzed the resultant filter spectrum to det actual center frequency. Using these slightly adjusted the photomask dimensior a filter centered at 585 GHz. The remai were scaled directly from the final 585-dimensions (all dimensions were round nearest micrometer). The resultant pea cies were all within 2% of the design fi confirming the theoretically predicted scal teristic of these devices. We used the simple circuit shown in 
data, we with Zuid = (R +jwL)JJ(jwC)-1. is to obtain
We found values of R = 7.8 x 10-2 fl, L = 8.345 pH, fning filters and C = 8.782 fF for the 585-GHz model by matching -GHz filter the FTS data of the 585-GHz mesh filter to the [ed to the relevant circuit equations. We scaled the L and C k frequenvalues of the 585-GHz model to obtain inductor and -equencies, capacitor values for the remaining filters. Resistor ing characvalues were not scaled in this manner; instead we calculated them to give peak power transmission 5 to model equal to the FTS data for each filter. It is not in the the model least surprising that the resonant frequency scaled the characaccurately, but it is notable that the bandwidth of the a means to scaled models closely matched the measured bandd from the widths. It is apparent from the transmission curves ource resisof Fig. 6 that this model can fairly accurately predict ,tic impedmesh filter performance provided that the G/K and •1) so that G/J ratios are maintained. However, it is desirable and inducfor us to have a modeling method that can predict 1/2], and performance for arbitrary G/K and G/J ratios or ,h. In the other arbitrary aperture geometries. atisfied for Two other modeling methods were explored that predict the mesh filter performance from first principles. The two models were the finite-element method and the EMF analysis. Both methods assume an infinite mesh array and utilize symmetries to reduce the structure to a single unit cell defined by three-dimensional structures composed of lossy metals, dielectric materials, and perfect conductors by using the finite-element technique and determines reflection and transmission coefficients.' 9 We used the HFSS to obtain the two port [s] parameters of the mesh over a wide range of frequencies centered at the resonant frequency of the mesh. We used only one quarter of the symmetric structure of Fig. 7 in the HFSS simulations to reduce the solve time. Figure  8 shows the HFSS solution and the FTS measurement for the 585-GHz and 2.1-THz filters. The HFSS model peak frequency for both filters was within 1.5% of the measured FTS transmission peak frequencies. The percentage bandwidth for both filters was predicted by HFSS to within 4% of the measured FTS percentage bandwidth. In addition, the HFSS percentage bandwidth decreased with frequency from 14.5% at 585 GHz to 11% at 2.1 THz, which agrees with the trend of the experimental FTS data. We believe that differences between the measured FTS data and the modeled HFSS data are attributable to small errors in the measurement of the mesh dimensions, slight imperfections in the apertures, and the assumption of an infinite mesh array.
The main disadvantages of using the HFSS are the large amount of computer resources required for a solution and the high cost of the software. We explored the EMF method because of its relatively simple implementation compared with either the finite-element method of the HFSS or the Floquet mode-expansion technique. The induced EMF method starts by assuming a current distribution on the structure being modeled. Once these currents are given, the method uses Poynting's theorem to find an expression for the impedances of the structure in the waveguide. The structure shown in Fig. 9 , one quarter of the mesh unit cell, is the dual of the post in a waveguide solved by Eisenhart and Khan, and the derivation of the impedances follows a similar procedure. 2 0 2 ' We assumed that magnetic currents in the cross arm perpendicular to M were negligible. The effect of adding in the cross arm is to reduce the distributed capacitance along the intersecting area 
where kx = mrr/a, ky = nrr/b, and F0n is the Neumann factor given by
Factors YmnTM and YmnTE are the characteristic admittances for the waveguide modes (plus or minus superscripts indicate the impedances looking in the positive and negative z directions, respectively), given by
where k, is the mode propagation constant
The terms yx,m and Yy,n are dependent on the assumed current distribution. For a uniform current distribution across the aperture,
We also looked at a more accurate current distribution with singularities at the aperture edges. This distribution was based on the assumption that magnetic currents in the aperture have the same spatial distribution as static charges on an infinitely long strip of metal. The current distribution in the aperture is then given by Using the nonuniform current distribution, we found 'Yx,m and yy,,, to be
The circuit model resulting from the EMF formulation is shown in Fig. 10 . We use the impedances calculated from Eqs. (3)- (5) Figure 8 shows the results of the EMF method for both the uniform and nonuniform magnetic current distributions. The assumption of a uniform current distribution caused the EMF method to overestimate the grid impedance. The EMF method with the nonuniform current distribution estimated the peak frequency for both filters to within 4% of the measured FTS transmission peak frequencies and estimated the percentage bandwidth for both filters to within 3% of the measured FTS percentage bandwidth. A limitation to the EMF method is that the structure must be simple enough so that the current distribution can be approximated with reasonable accuracy.
Conclusion
Bandpass filters for the submillimeter wave range with center-frequency power transmission ranging from 97 to 100% have been fabricated. The power transmission for one of the filters has been measured with three independent methods. Corresponding stop-band rejection in excess of 18 dB has been achieved, and the filters exhibited no noticeable diffraction effects. We believe the enhanced performance over previous results is due to an increase in pattern uniformity resulting from improved photolithography. The ability to shift a filter's spectral profile through simple scaling of the mesh dimensions was demonstrated to within a 2% margin of error. (12) An RLC circuit embedded in a transmission line was shown to provide a simple and fairly accurate model for predicting mesh filter performance. We based R, L, and C values on FTS measurements of a previously fabricated 585-GHz mesh. The circuit elements were shown to scale accurately with frequency and mesh dimensions so that mesh filter performance could be predicted as long as the G/K and G/J ratios were maintained. To overcome this limitation we used Hewlett-Packard's HFSS to solve Maxwell's equations over a single mesh element and to obtain two port [s] parameters for an infinite mesh. The HFSS also has the advantage of being able to determine the electromagnetic properties of meshes with arbitrarily shaped mesh elements. The induced EMF method provides a closed-form mathematical formulation that can be used to predict the performance of meshes with cross-shaped apertures. This method provides fairly accurate results for structures in which a reasonable guess for the magnetic current distribution can be made. The EMF method is less expensive and easier to implement than the more cumbersome finite-element and Floquet mode-expansion techniques.
